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EXECUTIVE SUMMARY

This Final Report compiles all the work carried out at the Center for Power Electronics Systems
(CPES), corresponding to the “Standard-Cell, Open-Architecture Power Conversion Systems” project
sponsored by the Office of Naval Research (ONR). This project was purposefully aimed to develop a
standardized hierarchical design and analysis methodology for modular power electronics conversion
systems using as basis the ISO/OSI seven layer reference model. The foundational ideas of this
engineering vision came from the Power Electronics Building Block (PEBB), seeking to expand the usage
of this concept while exploiting the numerous advantages offered by it, namely modularity, scalability,
reconfiguration and reduced design cycles. The mean to the end chosen was the actual embracing of the
hierarchical nature of PEBB-based converters by applying it to the modeling approach, control software,
and energy processing characterization of power electronics systems. The resultant two-dimensional
hierarchical reference model pursues the complete analysis and design of power electronics systems,
covering not only the electromagnetic, thermal and mechanical interactions from semiconductors up to
complete power systems, but also their associated controls, modeling and communications at every
hierarchy level. In order to achieve these objectives several tasks were identified and undertaken in this
project. Specifically, several studies were conducted in order to fully characterize the energy processing
functions observed in shipboard power systems, individually addressing the PEBB, power converter and
power system levels. The PEBB level—using a CPES built 33 kW PEBB—was subjected to a complete
study describing it across all defined hierarchies, i.e., energy processing, controls and modeling. Further,
the complete design and evaluation of its digital controller (Hardware Manager) is also presented, thus
fully characterizing the controls hierarchy at this level. The PESNet communications protocol developed
in this project is also presented and described in details complementing the controls hierarchy analysis.
Additionally, in an effort to explore the feasibility of applying the proposed reference model to different
marine-like applications, the usage of PEBB-based distributed generation converters and the design and
evaluation of protection systems for power electronics systems is also included. Regarding the modeling
hierarchy of the proposed reference model, an in-depth revision of hierarchical modeling techniques for
power converter systems is presented, focusing on the modeling of PEBB’s and more involved PEBB-
based power converter structures. Finally, a thorough coverage of the control software hierarchy is
presented by assessing the advantages of employing dataflow-based programming techniques for the
development of modular controls for power electronics systems. In all, the results obtained in this project
have successfully verified the capabilities and great flexibility of the proposed power electronics standard-
cell reference model for the analysis of PEBB-based systems. Its absolute validation would be
accomplished by performing the complete electromagneto-mechano-thermal design and evaluation—from
concept to simulations and emulations—of prospective architectures for marine power electronics
conversion systems.
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Chapter 1 STANDARD-CELL, OPEN-ARCHITECTURE POWER
CONVERSION SYSTEMS

I. Introduction

Adhering to the apparent success of the Power Electronics Building Block (PEBB) concept envisioned by
the Office of Naval Research (ONR), this project has sought the consolidation of modular power
electronics conversion systems by developing a standard-cell open-architecture reference model providing
the required standardization and abstraction needed to enable the electromagnetic thermal design of power
converter units; from semiconductor devices to converter structures, from PWM modulators to
supervisory control loops, and from detailed switching to small-signal models. This threefold hierarchical
approach following the seven layer ISO/OSI reference model has essentially furthered as well as benefited
from the PEBB idea, incorporating and applying its intrinsic features to the electromagnetic thermal
design of PEBB-based converters, to the development of modular control software, and to the
development of hierarchical mathematical models for simulation studies.

The fundamental focus of this project has therefore been the study and analysis of the so-called standard-
cells in order to determine and define the hierarchical layers of the proposed reference frame as well as
characterizing the interfaces of the controls, models and power stage cells or blocks. While on system
hardware blocks—actual components such as semiconductors, PEBB’s, power converters, etc.—physics-
based characterization of materials and energy were used for this purpose, information distribution and
data flow analysis were used for the characterization of control software modules and simulation models.
Although the methodology developed in this project is appropriate for all hierarchies of power conversion
systems, the work performed has primarily focused on the PEBB and its subsequent level the power
converter, taking advantage in this way of the 100 kW three-phase PEBB-based power converter built in
the previous CPES-ONR project “Plug and Play Power Conversion Systems.” Results obtained from
these studies and analyses have been fruitful to say the least, and have provided the means to approach the
design of power converters in a more structured systematic way leading the power electronics practitioner
into simpler, orderly, and overall faster design cycles.

The contributions of this project towards the realization of advanced modular power electronics
conversion systems are plentiful, and have been consequently organized throughout this report in order to
provide the reader with a clear view and understanding of the main accomplishments. For the sake of
completeness and ease of reading each chapter is organized as an independent self-contained document,
hence avoiding unnecessary references among different chapters. What follows then is a brief description
of each of the report chapters, providing the key points addressed and main results obtained.

I1. Organization of Chapters

Chapter 2 presents a detailed study on the partitioning and energy flow characterization of a more electric
ship power system. Based on a complete description of a reduced power system section comprising
propulsion and system loads, a functional analysis is performed leading to a better comprehension of the
system operation and thus to its intrinsic modular nature. This study is supported by the analysis of the
ship power system using different instantaneous power theories enabling the characterization, evaluation
and partitioning of the system in accordance to the governing laws of physics. From these studies, a sound
understanding and characterization of ship power systems was obtained.
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Chapter 3 presents an elaborate study and interface characterization of PEBB-based converters combining
functional hierarchical analysis with three-phase and single-phase instantaneous power theories. This
combined approach enables the complete description of the energy flow throughout the power converter
structure and each of its components, PEBB’s included The results presented take into consideration
fundamental and harmonic frequencies, hence laying the foundations for PEBB design encompassing
active semiconductor devices and passive reactive storage components.

Chapter 4 goes further down the proposed reference model hierarchy analyzing in great detail the
interface and partitioning schemes for the 33 kW PEBB developed in CPES as part of the previous “Plug
and Play Power Conversion Systems” ONR-sponsored project. This work employs detailed physics-based
modeling exploiting the Poynting vector electromagnetic analysis tool, which enables the qualitative
exploration and characterization of the energy flow throughout the PEBB module structure. These studies
are performed on simplified simulation models and on detailed switching models with direct comparison
with the hardware unit for verification purposes. The results obtained provide valuable insight into the
partitioning choices of the PEBB module, and the grounds for further studies and designs explored by
means of the thermal design of a busbars for PEBB-based converters.

Chapter 5 devotes completely to the PEBB-level reference model hierarchical layer, characterizing its
terminals and interactions through and across the different hierarchies, i.e., controls, modeling and power
processing. This work results in the complete description of the PEBB as a power processor, providing all
necessary information for the synthesis of power systems based on such module as building block. The
analyses presented comprised electromagnetic, thermal and mechanical characterization, associated
detailed and behavioral simulation models, and corresponding modular control software.

Chapter 6 presents the complete design, testing and evaluation of the Hardware Manager, the digital
control brains of the PEBB that enable its interaction with peers and establishes the communication link
for control purposes with equal or higher level hierarchy levels. The Hardware Manager is critical since it
represents the intelligent entity of the PEBB, which per definition is an intelligent power module capable
of interacting with its peers while performing different power electronics tasks. As it is known, the
Hardware Manager was conceived in the previous CPES-ONR project “Plug and Play Power Conversion
Systems,” but went through a complete revision and upgrading phase in this project finalizing with the
manufacture of several new boards. This Chapter covers the complete hardware and software
design—VHDL programming of its FPGA—of the Hardware Manager, focusing on the key components
as the PWM modulator, sensors and fiber optic communications interface.

Chapter 7 presents an in-depth description and verification of the PESNet communications protocol
developed to enable the communications of distributed digital control architectures based on PEBB
modules. The PESNet protocol is built over the lowest four layers in the ISO/OSI reference model,
namely the physical layer protocol (PLP), link layer protocol (LLP), network layer protocol (NLP) and
application layer (AP). PLP specification defines the characteristics of the transmission medium, such as
fiber-optic links, optical connectors and other components, frequency, power levels, and bit level
encoding/decoding mechanisms. The LLP specification defines how to access the medium and make
upper layer protocols independent of the physical layer, such as data frame format, addressing, error
detection and correction, media configuration, node initialization, insertion and removal, and fault
isolation and recovery. The NLP specification defines communication between a pair of a source and a
destination, such as packet format, and routing methods. And the AL relates to the application layer
controls. This chapter covers in great detail each and every component of the protocol as well as its
functional description, discussing application related issues as synchronization and communications delay
which affect the operation and performance of PEBB-based power converters.

Chapter 8 presents a brief survey and study on the applicability of the Standard Cell Open Architecture
concept to the protection of shipboard power distribution systems. The intrinsic hierarchical nature of
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protection devices is explored while analyzing several functional and time domain aspects of their
operation. Through these studies their direct correspondence and mapping into the proposed reference
model is established, setting the paths for possible future works on this field and the design of protection
schemes for modular power electronics conversion systems.

In an effort to expand and prove the versatility of the proposed reference model for standardized open
architecture power conversion systems, Chapter 9 explores the applicability of these and the PEBB
concept itself into alternative marine-like applications. Specifically, it presents the study and analysis of
PEBB-based power converters for distributed generation, which clearly resembles the operational
characteristics of marine applications. It was found that the ideas promoted by these modular power
electronics systems perfectly match and apply those of distributed generation, where at a higher hierarchy
level these distributed power systems may be analyzed as a single entity comprised of converters built in
turn with PEBB modules. The results obtained were promising and several control and operating modes
are presented and discussed in details throughout this chapter regarding the usage of PEBB-based
converters to connect and disconnect these systems to the utility grid under faulty or any other desired
conditions.

Chapter 10 presents a comprehensive review of modeling and simulation techniques for power electronics
systems, describing the main features and advantages of different modeling approaches across the
complete modeling hierarchy, from semiconductor physics-based models to behavioral and small-signal
models. The chapter focuses on practical issues such as mathematical complexity and needed processing
power for the different methods described, as well as defining the minimum set of requirements needed to
capture different electromagnetic phenomena, i.e., power flow, harmonics and EMI. Finally, the need for
a unifying modeling approach is identified setting forth feasible guidelines to accomplish this.

Chapter 11 devotes entirely to the modeling of the 33 KW PEBB module developed at CPES as part of
the previous ONR-sponsored project “Plug and Play Power Conversion Systems.” The chapter presents a
detailed electromagnetic modeling of the PEBB module under question, developing physics-based,
switching, and behavioral models both in Saber and VTB. In an effort to support the Electric Ship
Research and Development Consortium (ESRDC) further modeling and testing in VTB was performed,
building a new series of PEBB and PEBB-based converter modules generated as part of a PEBB library
made available to the University of South Carolina, Florida State University and Mississippi State
University. These PEBB models presented throughout the chapter are complemented by the inclusion of a
Universal Controller model, having all necessary low level and high level application controls required to
implement many different shipboard three-phase power electronics applications.

Finally, Chapter 12 presents the control software related work realized in this project. Specifically, it
focuses on the evaluation of the open control architecture implemented by means of the dataflow
approach. This programming approach presents a reduced complexity, flexible, reconfigurable and
reusable control software implementation that perfectly blends into the standard-cell open architecture
work frame, providing the same modularity and advantages attained for hardware with PEBB modules but
for software constructions. The chapter presents a complete description of this approach as well as
thorough evaluation in terms of processing times and a final experimental verification where the clear
advantages of this modular hierarchical control software development technique are clearly established.
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Chapter 2 SHIP POWER SYSTEM PARTITION AND ENERGY FLOW
CHARACTERIZATION

I. Introduction

A ship power system presents a wide diversity of components and equipment intended to provide the
energy requirements for all different onboard applications. Therefore, the electric equipment throughout
the ship is rather different in power capacity and functionality; nevertheless, when analyzing the functions
at the different hierarchy levels there exists certain commonality. The idea is to find these similarities in
order to identify the common components providing these common functions. These components are the
power electronics building blocks, PEBB. The final goal of this work is to find precise partitioning
protocols that can be used as design guidelines for PEBB-based power electronic systems.

A good power stage partitioning requires proper knowledge of the energy propagation in power
converters. This knowledge provides information about the various trade-offs affecting the functional,
spatial and temporal distributions of the different energy processes. In addition, the theoretical paradigms
used to study the energy flow should be in agreement and be unified into the proposed hierarchy in order
to characterize the power conversion system. Consequently, proper tools need to be identified and tested
under different converter configurations and different applications.

The concepts presented in this chapter are applied to a ship power system, hereinafter described.

I1. Ship power system description

The ship power system presents a variety of equipment in a wide power range making its partitioning into
functional blocks a challenging process. The complete system can be divided into two main sections
according to their respective purpose, namely propulsion and auxiliary systems. The propulsion system
consumes the vast majority of the energy in the ship. The energy sources are synchronous generators
driven by gas turbines. In the case of the ship under study the propulsion motors are induction machines
with two sets of stator windings each. The energy to these windings is provided from a motor drive based
on a voltage source inverter (VSI). An active rectifier that regulates the DC voltage level connects the VSI
to the DC bus. Each VSI feeds a three-phase winding of the system. The auxiliary systems are primarily
classified into AC and DC systems. The energy supply for the AC subsystem is taken from the same
buses that feed the propulsion system. The single line diagram of the AC system is shown in Fig. 2-1.

The auxiliary DC subsystems are fed from the same buses feeding the AC system. Usually there are
different services connected to the DC bus, specially those services that require a higher degree of
reliability regarding energy availability. The DC bus system is composed of a double set of buses that can
feed any of the consumers. A schematic of the DC system adopted for this study is shown in Fig. 2-2. The
architecture of this system was previously presented in [15]-[17]. Although the configuration of the
system follows the one in the ship, for this study we are considering only a selected set of components
that generally cover the different types of equipment that are present in the ship power system. The DC
system has a zonal configuration with the two sets of buses fed by three-phase boost rectifiers. Each piece
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of equipment can be connected to either one or the other DC bus. In case of failure in the energy
distribution of one of the buses the equipment under consideration would be immediately connected to the
other. Five zones are considered in our study, of which two provide the interconnection from and to the
three-phase system. Three internal zones are considered that connect different types of loads and
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generators. Two DC-DC converters are used in each zone to adapt the DC voltage levels. The second
zone in Fig. 2-2 is composed by a three-phase four-leg converter and a single phase DC-DC buck
converter. The third zone connects a fuel-cell generator, where a VSI is connected to the fuel-cell and a
transformer plus diode rectifier used to adapt the voltage levels. In the fourth zone there is a motor drive
supplying an induction machine.

I1.1. Functional analysis

The first step of the partition methodology is to do the functional analysis of the components in our
system. Therefore, the equipment in the ship power system was analyzed not only from the electrical
point of view but also from mechanical and thermal perspectives. The details of the different functions are
shown in Table 2-2. The functional analysis suggests a partition and PEBB configuration. The PEBB
arises at certain level when the functions become repetitive throughout all the applications analyzed. In
our case this happens at the third hierarchical layer or level (from bottom to top).

On the other side, when the mechanical and thermal functions are analyzed among the converters in the
system a much higher repetitiveness is observed at all levels. This means that the requirements for these
additional functions are considerably more common at all levels than the electrical functions. This can be
explained by the requirements on each converter. Specifically, all converters are built with a certain
purpose, defined by the electric functional requirements. On the other hand, these additional mechanical
and thermal functions are complementary and significantly more standardized in equipment built using
similar technologies, i.e., materials and general design criteria. The degree of repetitiveness in per unit is
shown in Fig. 2-3. In the figure it is observed the change of the curve shape when moving across the
different layers. For layers high in the hierarchy the curve tends to show low values of repetitiveness (in
the vertical axes) and a large number of functions (in the horizontal axes). On the other side, for layers
low in the hierarchy the curves show a large number of repetitiveness and a reduced number of functions.
A formal mathematical conceptualization of the PEBB concept may be possible by extending the analysis
to a large amount of equipment and the usage of statistical tools. This type of analysis will not be done
here since our focus is concentrated in the partitioning and characterization of the energy interfaces. The
partition obtained up to this point can be considered preliminary. The process of finding an optimal
partition requires finding appropriate tools, which will be discussed in the next section.

1.2

—&— enterprise —#— application control fn —>¢—-module —¥— cell

Fig. 2-3 Repetitiveness of power converter functions
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Layer Function # app |app / tot
6- Enterprise Transfer electric energy between 2 DC systems 2 0.286
Provide electric energy to the motor 1 0.143
Provide electric energy to a 3-phase unbalanced, non-linear load 1 0.143
Energy delivery from a DC source (DC to 3-phase AC conv.) 1 0.143
Energy conversion from 3-phase to DC system regulated 1 0.143
Energy conversion from 3-phase to DC system non-regulated 1 0.143
5- Application Proteccion of the equipment 7 1.000
EMI limit requirements 7 1.000
Vdc voltage regulation 3 0.429
Low ripple on the DC side 3 0.429
Vac voltage regulation 2 0.286
Harmonic cancellation 2 0.286
Zero sequence Vac voltage regulation (Vo) 2 0.286
Torque control 1 0.143
Speed (position)/flux control 1 0.143
Machine rotor position detection il 0.143
Input power factor control (P,Q) 1 0.143
AV magnitudes compatible with motor isolation 1 0.143
4- Control function | processing of measurements 7 1.000
Duty cycle calculation 6 0.857
DC filter for voltage ripple 6 0.857
Line synchronization (PLL) 4 0.571
Current control (id,iq) 4 0.571
AC ripple filtering 4 0.571
Current control DC 2 0.286
Frequency control 1 0.143
Zero sequence current control (io) 1 0.143
Three-phase balance in transf winding to prevent staircase core
saturation 1 0.143
Fixed voltage regulation tied to input voltage 1 0.143
3- Module Primary protection of devices 7 1.000
Power magnitudes sensing and conditioning 7 1.000
Switching control (modulation) 6 0.857
Pulse gating 6 0.857
Safe commutation enabling (dv/dt, di/dt) 6 0.857
Energy storage in the DC side 6 0.857
Uncontrolled switching V-l characteristic 1 0.143
2- Power cell Proper connection of I/\V equivalent source terminals 7 1.000
Bi-directional current conduction 6 0.857
One-directional voltage blocking 6 0.857
One-directional current conduction 1 0.143

Fig. 2-4 Functional evaluation summary for the ship power system
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I1I. Power Stage Partitioning

The process of power system modularization involves two main aspects. The first one is the partitioning
of the system itself in order to achieve modularity. Once the system is partitioned into modules, it can be
seen as a set of interacting sub-systems. Therefore, how the modules will be integrated in the system and
how will they interact needs to be studied as part of the modularization process. Fig. 2-5 shows
schematically the process of system partitioning, which is the transition from system to modules.

Fig. 2-5 The process of system modularization

The objectives in partitioning the system are to facilitate manufacturing and achieve volume. At this
phase, the system functional and spatial distribution has more relevance than the temporal one. On the
other side, in the process of integration, the physical —temporal and spatial— distributions characteristics
are more relevant than the functions. For this process of partition/integration, the energy interactions and
the information required for controlling the system are required to be carefully studied. Non-desired
interactions are non-desired, non-useful, energy exchanges among system components. In addition, a
good design of the control system must be in accordance to the characteristics of the information handling
requirements by the control of the energy process.

Previous studies proposed the partitioning of the power converter control system [3], [4]. This proposition
was based on the characteristics of the information flow in the different hierarchical levels of the control
system, where the partitioning protocol was quantified through the information capacity in Mbit/sec. The
measurement of this quantity provided a figure of merit and the basis for partitioning the control system
[2]. In the case of power stage partitioning we intend to use a similar methodology. The flowchart of the
proposed methodology is shown in Fig. 2-6. That methodology started with a functional analysis of the
power converter, where the knowledge of the different functions led to the proposition of a preliminary
partition that allowed for an evaluation of the amount of information exchanged through the interfaces
between the different portions in which the system was partitioned. The quantification of the amount of
information was then used to refine the partition based on more accurate criteria.

In the case of the power stage partitioning it is also necessary to find the tool that provides a quantified
criterion for partitioning. The search for such a tool is related to the hierarchy proposed as a basis for the
studies in this project because the basic idea in proposing this hierarchy is that there are analytic tools
appropriate for describing the phenomena at each hierarchical layer. The goal is to be able to measure the
energy exchange at the interfaces between the system parts. An overview of different ways of studying
the energy flow in a power system was done. The different energy analytic tools were then related to a
hierarchical level. The result of the overview is presented in Fig. 2-7 where different analytic tools
describing electromagnetic phenomena are tied with the layers in the reference hierarchy.
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Fig. 2-6 Flowchart of the methodology used for power system partition
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Fig. 2-7 Hierarchical layers and tools for characterization of the electromagnetic phenomena

The classification in Fig. 2-7 is preliminary and it is used as a basis for the energy flow characterization
study. The characteristics of the phenomena most relevant at each layer set the general requirements for
the tools that will be used to characterize the phenomena at them. From the steady-state operation of a
power system to transient commutation of the power semiconductor device there is a wide range in the
time-electromagnetic phenomena to be described. An appropriate tool needs to be well balanced between
accuracy and mathematical effort in order for not requiring an excessive amount of calculation. The study
described in the next section is then the search for that tool required providing a quantitative basis for the
power stage partition.



IV. Tools for Characterization of the Energy Interfaces

In order to characterize the interfaces in the proposed system partition proper analytic tools are needed.
Based on our previous knowledge of the characteristics of the system we are characterizing, and on
different theories that used for electromagnetic analysis a correspondence was found between the levels in
our hierarchy and the mentioned theories. This was presented in Fig. 2-7.

The tools and theories for evaluation of the energy processing in power conversion systems must be able
to describe the electromagnetic phenomena at each of the layers of the hierarchy presented in Fig. 2-7.
One of the characteristics of the hierarchy layers is the time constant of the electromagnetic phenomena
most relevant at that layer. Therefore, how the tools handle the time frame is of prime importance. The
general objectives of these tools, which can be called power theories, can be summarized as:

e Explanation of the relevant physical phenomena, especially that causing an increase in the

apparent power, S, and therefore in the currents.

e Quantification of the energy flow between the different parts of a power system.

e Provide data needed for selecting the power ratings of power system equipment.

e Provide fundamentals for compensation of useless components of the apparent power, and

improvement of the power factor.
The evaluation of the proposed analytic tools needs to be focused on the characteristics of the
electromagnetic phenomena that are more relevant in our study. This is related to the levels in the
proposed hierarchy. Analyzing those levels there are phenomena that are more relevant at a certain layer.
Therefore, the proposed tool needs to able to describe those relevant phenomena with accuracy. To
explain this with more detail lets concentrate on the four top layers.
In order to check the appropriateness of our approach the analytic tools have to be evaluated.

At the top layer there is the high power high voltage transmission network interconnecting the power
plants with the consumer centers. Analysis of this type of electrical system is the subject of the power
system studies. Some of the phenomena relevant to study are load flow, transient stability, voltage
stability, and voltage regulation profiles. And several algorithm and analytical tools have been proposed
to study these phenomena. Among these analyses there is a common set of hypotheses that include steady
state operation, or neglecting the electrical time constants considering only the electromechanical ones. In
the second layer, the distribution network, some of the phenomena interesting to study are short circuit,
load flow, voltage distribution profile, unbalanced loads, harmonic propagation and others. Some of the
assumptions are similar to the case of transmission systems, but the degree of detail required in the
models is higher. The basic concept is that the characteristics of the phenomena being studied change with
the layer level in the hierarchy. Therefore, the requirements on the model used to study those phenomena
also need to change. Attached to the change in the degree of detail in the model, there is a change in the
size, amount of equipment considered, that is possible to study simultaneously. Models with higher
degree of detail are necessarily reduced in the amount of equipment that can be included together into the
system model.

V. Modeling the Energy Flow

This section discusses the tools for evaluating energy processing along the system under study. Several
formulations of the so-called instantaneous power theories were tested in simulation using different circuit
operation conditions in order to evaluate the correctness of the theoretic formulations. Additionally, the
energy flow description at different points of the power system provided by those formulations was
obtained.



V.1. Instantaneous Power Theories in Circuit Analysis

Instantaneous power theories were originally proposed for studying the problem of load compensation
without requiring energy storage in the compensator, for a basic system configuration like the scheme in
Fig. 2-8. That is not the case of the study being developed here, but if the proposed theory is based on
good understanding of the electric energy exchange, then such theory provides a good picture of the
energy flow. Therefore, they may be suitable to understand the energy exchanges among the electrical
equipment. This portion of the report analyzes some of the instantaneous power theories propositions and
its applicability to our problem of characterizing the energy flow. The proposed instantaneous power tools
can be grouped in four categories.
» Type 1: Fryze, Buchholz, Depenbrock (FBD) method
This formulation was the first one proposed and it is the one more closely derived from the
classical power theory
» Type 2: Akagi, with further developments by Peng, Ferrero, Willems, & others
In this group we include the first proposed instantaneous power theory for the problem of load
compensation using active filters and some additional further developments pursuing a
mathematical basis for the calculation methodology
* Type 3: Tenti, Rossetto, Salmeron, Montafio
It formulates the compensation problem as a transmission capacity optimization problem. The
optimization is based on the Lagrange multiplier method
* Type 4: Czarnecki
This approach considers the circuit load as fed by an ideal voltage source and analyze the
current evolution by decomposition in components. It seeks for the physical meaning of the
different current components. The current components by the voltage give the power
components, with a physical meaning.

active

Fig. 2-8 The goal of compensation is to eliminate the non-useful power requirements from the system source

A. Type 1

The first power theory we will analyze was proposed by Depenbrock in the so-called FBD (Fryze,
Buchholz and Depenbrock) method [19], [20]. The proposition is very general and attempts covering the
general case of any multi-phase, multi-winding circuit. This formulation also presents a basic
differentiation between the magnitudes that are defined as instantaneous and the average over one period
of the line frequency. The collective current, voltage and instantaneous power for an undetermined set of
conductors are defined as:

2(0)=ile) i)
(0=} ult)
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ps(t)=ult) i(¢)

Under periodic conditions, the rms value can be calculated, the magnitudes becoming:

I3 (0)= T[zzwr—m (1)
P (1)= f ps (e)¥iz = ul0) 1(0) @)

This collective current and power are defined as the one-period average. The current compensation can be
based in any of the two sets of definitions. The instantaneous compensation defines the power component
of the current as:

i,(t)=G, (1) ult) 3)
With the instantaneous conductance being
G, ()= 2116) _ px 4)
p

KR
And the powerless current, i,, is defined as the component that does not involve power.
i, (6)=i(e)-i,(r) (%)
The corresponding one-period average magnitudes is the active current
i (t)— G, (t) u(t) (6)
uit ) lit ) 2 %
uiti uiti Us
The non-active current, and the variation current are respectively defined as:
i,(t)=i()-1,(c) (8)
i,()=1,()-1.() ©)
Compensation without requiring energy storage in the compensator is strictly achieved when the
compensation is instantaneous. If the one-period average is used, then the exchange between the system

and the energy storage may be zero over one-period average, but not instantaneously. In other words
certain energy storage is still required.

B. Type 2

A different approach, valid for three-phase circuit analysis was proposed in [18] and later refined by other
authors [21]-[26]. This formulation uses the Clarke transformation matrix to transform the a-b-c
magnitudes to the a-f-o coordinate system. The transformation is represented by the matrix 7.

I T
2 2
P [l @ 38 _wd (10)
3 2 2
111
2V2 242 242]]

If the system is three-phase and has only three-wires, only two magnitudes are independent being possible
to obtain the third one form the other two. Therefore, the third component in the a-f-0 system does not
give any useful information and can be disregarded. In the resultant a-/ system, the instantaneous active
and reactive power components are defined from the following matrix:

p -l va vﬂ -I ia _I

= [, (11)

9] [7Vs Valls]

Additionally, defining the voltage and current vectors in the o~/ reference system,
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ia-] va—|
| vaﬂ:|: | ’

I =1 .
i | Vg
The instantaneous active and reactive powers are the dot and cross products of voltage and current vectors:
P=Vy®iy (12)
q = Vo X g (13)

These two equations define a plane for the instantaneous active power and an imaginary axis for the
instantaneous reactive power, which are represented schematically in Fig. 2-9. Additionally, by
manipulating the matrix equation (5-11) it is possible to obtain the active i, and reactive i, current
components in the a-f system, those currents are expressed as:

’ 1% -axis
b == =P ] ‘
+v
va B
I = _vﬁ B
aq 2 2
va+vﬂ
. _ Y o
Igp =3 2
Vot Vg p-plane
\%
- £ —q
yi'd 2 2
L

Fig. 2-9 o~ system and the p-plane and g-axis

The idea then is to cancel the instantaneous reactive power flow in the line supplying the load, Fig. 2-8,
by compensating the instantaneous reactive current components. If the compensation is achieved
instantaneously, no energy storage is required in the compensator generating the reactive current
components. This compensation principle works appropriately in a three-phase, three-wire system. When
a four-wire system must be analyzed, the o-axis cannot be disregarded and the formulation in [18]
proposes the following matrix for the instantaneous powers definitions,

p,l (v, O O_Ii0-|
Pl =0 v, vli

gl |0 =vy v lji,l]
Where the o-axis instantaneous power p, is introduced. Nevertheless, as it will be shown later with greater
detail, in the four-wire system the formulation losses generality and the original proposition expressed in
the previous paragraph is no longer met. Further developments by Peng, Ferrero, Willems, and other
authors tried to overcome this problem and generalized the formulation for four-wire systems. After some
development that valid generalization was achieved by using a four-dimensional space vector
transformation [24]. This point will be discussed separately.

1

a

(14)

C. Type 3

Other authors [27],[28] formulated the compensation of non-useful current components as an optimization
problem. The optimal line current is achieved when the non-useful current components are eliminated.
This approach uses the Lagrange multiplier method for the calculation of the active current component. If
a multi-phase load is fed by the voltage vector u, the instantaneous active current is defined as the
“minimum theoretical” current that will deliver the same power to the load. The minimum is defined
according to the instantaneous norm:

Hip” = (i; ’ ip )l/2
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Using the Lagrange multipliers method, the active current component is found in [27] to be,
P

p=U T
]
where p is the instantaneous active power, defined as p=u’ -i. On the other side, the instantaneous
reactive power is the “remaining current”. Therefore, defined as,
4

=i-i =i-y——
P 2
]
The reactive power is also equal to =u i, and the two current components i, and i, result ortho onal,
|y q q=u, p p q g

2L D .2
Iq =1 lp

In case the magnitudes are periodical, the instantaneous norm becomes the average norm, (or the rms
value in electric circuits). And the instantaneous active current becomes just the active current and is
obtained using the rms value,

. 12
U= Hfuzdtl}

i =u—
a
U?

ly

Where P is the average power dissipated by the circuit load, which is the one that is being compensated.
The compensation principle derived from this technique in a circuit with periodic magnitudes will leave
on the circuit portion just this last active current i,.

D. Type 4
All the analytic tools discussed so far attempt to provide understanding for the meaning of the current
components in the circuit, but only from an analytical point of view. There is no relationship between the
current components and the physical elements in the circuit, as it is for example the correspondence
between resistance to active current, and reactance (inductance, capacitance) to reactive current in a
circuit where the current magnitudes are sinusoidal. Differently the approach by Czarnecki [29], [30]
attempts to provide a basis for giving physical meaning to the current components. The approach assumes
a sinusoidal or quasi-sinusoidal voltage in an AC circuit provided by a voltage source and the distortions
are manifested in the currents. In the case of linear, time invariant load, the load current can be expressed
as a sum of three components,

I=1 #i +1,
Where i, is the active current component, is the scattered, and i, the reactive current component. In a
similar way than previous approaches, the active current component is obtained from the equivalent
conductance,

P

G e = F
Additionally, if the load has an admittance that depends on the harmonic frequency, which is generally the
case since a simple capacitor or inductor change with frequency.

Y,=G,+jB, =Ye % =00, B
According to [29] the two current components i; and i, are calculated by the following expressions,

is = (Go = Ge yjo + ReZ(Gn = Ge )(]nejnw]l

i = RerBnUnef"‘””



As in the previous decomposition, all this current components are orthogonal. The first component i,
represents the active current according to the definition previously presented. The second component i,
represents the current increase produced by the change of the load conductance with the frequency.
Moreover, the reactive current i, represents the current increment due to the reactive components of the
load.

In case the load is non-linear or time-variant, the load current form will be different form the linear case
under the same conditions. The additional harmonic components of orders not present in the voltage can
be identified as another current component, i,

F=it, # 1, H1, 41,
Where,

* — j"ﬂ)ll

i,=Re) Ie

ne K

And K is the subset of current harmonic orders not present in the voltage. The four current components
are still orthogonal, and the current component i is called in [29] the “generated harmonic current”. In
case of three-phase circuit, the current decomposition goes one step further identifying a component that
is due to the load unbalance, i,. The current composition is then:

I=d, ®i +i +1, +1
Where the i, harmonic components /,, can be calculated from the voltage harmonic components U, and
the load unbalance admittance 4,,

Iun = AnUn
So far the method has identified different source of current distortion that will produce different power
components and the physical reasons for the existence of these components. According to the last current
decomposition and under the assumed voltage conditions the apparent power in the circuit can be
decomposed in

S*=P*+D!+Q*+D.+D;
Where P and Q are the power active and reactive components and the origin of the three distortion powers,
D;, Dg and D, has been identified. Nevertheless, this physical interpretation of the current components is

valid under more restrictive hypotheses with the voltage allowed to have a certain degree of distortion and
a matrix 4, that can become of difficult calculation.

V.2. Evaluation of the Instantaneous Power Theories

To start studying the characteristics of the power theories formulation under general circuit conditions a
three-phase, four-wire circuit with unbalanced load and non-symmetrical voltage source was used. The
circuit is presented in Fig. 2-10. A current compensator that will behave according to the theory under
analysis is included in the circuit. In this way the appropriateness of the different formulations can be
tested.

The circuit in Fig. 2-10 was simulated in a circuit simulator. The study evaluated some of the phenomena
relevant at certain layers in the reference model presented in Fig. 2-7 by mean of calculating the different
power components that appear in the circuit. The evaluation included: compensation of non-active current
components and its relation to the energy storage capacity required for compensation, line losses,
transmission efficiency, and harmonic components. All different formulations work appropriately for the
case of three-phase, three-wire systems without significant differences. The situation change when the
four-wire is present in the system, but this case is analyzed with detail in the next paragraph. Considering
an a-b-c representation of the three-phase components the current and voltage are written as:
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